Abstract-As these As transistors are scaled to nanometer dimensions, the discreteness of the dopants becomes increasingly important. Transistors of 3 × 3 nm 2 cross section contain, on average, approximately one dopant atom per nanometer of length, making any self-averaging impossible. The individual random dopants act as localized scatterers whose distribution, and therefore, impact on the electron transport, varies from device to device. This is complemented by electrostatic variation in the potential that controls the threshold voltage and the dominant current paths. The current density is greatly influenced by resonances associated with the attractive potential of the donors and screening effects. In this paper, for the first time, a full 3-D nonequilibrium Green's function (NEGF) simulation in the effective mass approximation has been used to study the influence of individual discrete donors in the source/drain on the I-V characteristics of a narrow n-channel Si nanowire transistor. We have compared devices with microscopically different configuration of dopants. The simulated variations in the I-V curves are analyzed with reference to the behavior of the transmission coefficients. We have highlighted the importance of resonance states when solving the NEGF and Poisson equations self-consistently.
and tunneling. Therefore, the realistic simulation of nanowire transistors requires the deployment of 3-D quantum transport simulators, among which the ones based on the nonequilibrium Green's function (NEGF) formalism have been widely used [1] , [2] . The full power of the NEGF formalism is in the potential to include noncoherent scattering [3] [4] [5] , such as phonon interactions, consistently through the introduction of appropriate self-energy terms. The self-energies allow folding of the entire many-body quantum transport machinery into the one-particle Green's function equation [6] [7] [8] [9] .
One of the fundamental problems that can make or break the penetration of nanowire transistors in real circuit applications is the variability of their characteristics due to discrete dopants and stray charges. Nanowires of 3 × 3 nm 2 cross section contain, on average, approximately one dopant atom per nanometer of length, for a doping concentration of 10 20 cm −3 , making any self-averaging impossible. Up to now, simulation studies have identified the detrimental effect associated with the presence of stray acceptors or trapped electrons in n-channel nanowire transistors [1] , [10] . Previous qualitative 2-D NEGF simulations have shown that individual dopants and dopant conglomerates in the source/drain (S/D) regions of double-gate transistors also result in dramatic ON-current variations [11] . However, 2-D simulations can offer only qualitative results. Only self-consistent 3-D quantum transport/Poisson simulations could properly capture the true nature of the localized ionized impurity potential and the quasi-1-D screening due to extended states in the strong cross-section confinement. Convergence of the coupled NEGFPoisson equations for small wires has been notoriously difficult to achieve due to the delicate nature of the resonances, which are associated with the double-potential barrier introduced by the screening electron charge around the ionized dopants.
In this paper, we study the fluctuations in the I-V characteristics due to coherent scattering off different configurations of discrete donors in the S/D of an extremely thin Si n-channel nanowire transistor. The self-consistent screening "sombrero" potential around the impurities is calculated using a fully 3-D NEGF formalism coupled to the 3-D solution of the Poisson equation [1] . The fluctuations in the I-V characteristics can be understood by examining the energy dependence of the transmission coefficients. For the first time, we demonstrate the effects of the "sombrero" potential and the associated resonance states on scattering and device current transmission. Special care is exercised to achieve convergence in the presence of the screening potential and the associated resonances.
Section II presents a brief description of the NEGF technique and the Poisson solver focusing on the strategy to achieve self-consistency in the presence of localized resonant states. The simulation results and the discussions are presented in Section III. Section III-A is focused on the study a simple case of a single donor at the middle of the nanowire at different gate voltage conditions. The calculation and the analysis of the I D -V G characteristics of devices with different spatial donor configurations in the S/D regions is presented and discussed in Section III-B, and the conclusions from this study are drawn in Section IV.
II. TRANSPORT MODEL AND SELF-CONSISTENT SOLUTION
The quantum carrier transport is described using the NEGF approach, which is a generalization of Landauer's formalism [12] [13] [14] [15] to treat many-body systems at room temperature in the context of the one particle Green's function. The Hamiltonian used in the discretization of the NEGF equations is the effective-mass Hamiltonian that folds the full crystal interaction into the electron effective masses. The effective masses of the valleys are extracted from tight binding calculations that capture the dependence of the electron band structure on the nanowire diameter [16] . Due to the small dimensions of the wire cross section, we include only four of the six valleys of the silicon conduction band. The two valleys that have been neglected have transversal masses (0.3m e ) in the directions perpendicular to the wire axis, producing larger ground-state-energy shifts associated with the transversal confinement. This increase in the ground-state energy means that the electron populations of these valleys are negligible compared to the other four valleys. In our case, we neglect all sources of incoherent scattering, particularly the phonon interaction. We calculate the correlation matrix G < using the recursive algorithm, as described in [17] [18] [19] . From the correlation matrix, the electron and current densities are calculated by the following equations:
The electron density is used to calculate, self-consistently, the electrostatic potential through Poisson's equation.
The "strategy" to solve the coupled Poisson-NEGF loop is as follows.
1) An initial estimate of the electrostatic potential and electron density is obtained from a drift-diffusion solution including density gradient quantum corrections [21] (DD/DG). The boundary conditions used in the solution of the Poisson equation in the contact in the drift-diffusion simulations are consistent with the boundary conditions use in the NEGF simulations. 2) An NEGF solution is obtained for the electrostatic potential provided (for the first iteration this potential comes from the quantum-corrected drift-diffusion simulations), which gives a new electron density. 3) An adaptive damping scheme is used to limit the change in electron density coming from the NEGF solution.
4) A quasi-Fermi potential is calculated based on the potential and electron density. 5) The nonlinear Poisson equation is solved iteratively, where the electron concentration is updated at each iteration based on the current value of the potential and the quasiFermi potential [20] . The nonlinear system is linearized using Newton's method. Steps 3)-5) are repeated until self-consistent convergence in potential and electron concentration, along with convergence in calculated current, are obtained.
The DD/DG solution contains local maxima in the electron concentration at the positions of the impurities. By using the DD/DG solution as an initial state and, through damping, restricting the change produced by the Green's function solution, we allow the electron density of the NEGF solution to build up gradually around the DD/DG density. This allows a steady development of the resonances, which are also localized maxima at the impurity positions. The nonlinear Poisson solver allows relaxation of the density during the solution, introducing a further mechanism of damping on the potential and stabilizes the global convergence of the Poisson-NEGF system. The DD/DG solver has Neumann boundary conditions in the source and drain instead of the Dirichlet boundary conditions usually used in the DD formalism [22] , [23] , which matches well with the Green's function boundary conditions. The self-energies are calculated using the algorithm given in [24] . The discretization mesh is regular with mesh spacing of 0.2 nm. We are using a volume discretization [1] , which allows a more precise representation of interfaces and boundary conditions between different dielectric constant materials. The discrete impurities are introduced in our code as one positive electronic charge located at a discretization point that localizes the charge throughout a volume equal to 0.2 × 0.2 × 0.2 nm 3 , which is the volume associated to a mesh point. This charge forms part the right-hand side of the Poisson equation. Solving this equation automatically takes care of image charges in the dielectric and screening in metal interfaces associated with the discrete charge. We have checked that our discretization is fine enough for the Poisson solution to resolve the Coulomb potential of a single charge accurately from all neighboring mesh points outward, with an error of less than 1 mV. The self-consistent solution also includes automatically the 1-D screening of the Coulomb potential from the free electrons in the channel and in the S/D regions. In this study, the electrostatic potential coming from the solution of the Poisson equation is used directly as the potential energy of the electron in the Hamiltonian when solving the NEGF equation, which implies that we are working in the mean field or Hartree's approximation.
III. SIMULATIONS AND DISCUSSIONS

A. Single Donor Case
First, we study a single donor located at the middle of the channel of a nanowire MOSFET transistor at different screening conditions. The importance of studying a single donor is twofold: it is relatively easy to isolate the resonances coming from a single donor compared to the case of several dopants, which produce complex interferences patterns and common resonances.
Second, the screening by conducting electrons around the single impurity under strong quantization conditions, and also the self-consistent electrostatic potential, can be investigated in isolation from the influence of other fixed charge sources.
The device considered in this study is a narrow, wrap-aroundgate n-channel Si nanowire transistor. Fig. 1 shows schematically the transistor and the orientation of the coordinate system. The transport in the nanowire occurs in the 1 0 0 direction. The device has a donor concentration of 10 20 cm −3 in the S/D regions and an undoped channel.
The channel length is 6 nm and the cross section is 2.2 × 2.2 nm 2 . The oxide thickness is 0.8 nm and is not included in the NEGF solution region but it is included in the electrostatic potential calculation.
We do not consider charge penetration in the oxide. Nevertheless, the electrostatic potential at the interface (which includes the conduction band offset of the oxide) is given as a boundary potential in the calculation of the electron density using the NEGF. The electron concentration is not force to zero at the discretization point at SiO 2 interface, but in the next discretization point inside the oxide, providing a softer boundary condition, which allows the electron wave function to interact with the interface.
All simulations in this section were carried out close to equilibrium at V D = 1 mV in order to study more easily the charge density around the impurity. The potential and density distributions in two cross sections normal to the current flow, one containing the impurity, and another within the source extension, at V G = 0.4 V, are shown in Fig. 2 . The upper and lower panels show the electrostatic potential and electron density, respectively. The charge density at the impurity cross section is more sharply peaked compared to the charge density at the source cross section, both indicating similar features in the groundstate wave functions. The wave function at the source cross section is the transversal ground-state wave function due to the confining nanowire cross section.
In contrast, the transversal wave function at the impurity position cross section is more independent of the boundaries and is strongly localized at the position of impurity. This effect cannot be properly captured by a modal decomposition approach [25] and requires a fully 3-D real-space description. Comparing the upper and the lower panels on the right of Fig. 2 shows that the wave function have a different symmetry that the corresponding electrostatic potential, indicating the strong influence of the boundaries. Fig. 3 maps the 3-D self-consistent potential and electron density distribution along the wire at V G = 0.4 V showing also the equipotential/equiconcentration lines. The equipotential contours around the dopant are denser along the channel direction showing a higher degree of screening in this direction compared to the orthogonal direction. The screening electron concentration extends for several nanometers from the impurity center along the channel direction. This is formed by resonances (extended states) connecting the source and drain. The 1-D electrostatic potential and the electron concentration distribution along the channel in the middle of the cross section, for different gate voltages, are shown in Figs. 4 and 5, respectively. Note the inverse "sombrero" shape of the potential in Fig. 4 , which is a combination of the Coulomb potential of the ionized donor and the potential associated with the electron screening charge.
This double barrier shape produces quasi-bound states similar to those that appear in resonant tunneling structures. At low gate bias the electrons are repelled from the channel, therefore the electron density around the impurity is very low. At high gate bias the potential barrier of the channel decreases. As a consequence, the electrons penetrate the channel, and therefore, contribute to the screening of the impurity.
At gate voltages lower than 0.3 V the electron concentration at the impurity position is negligible compared to the S/D doping. This, however, does not indicate an absence of the resonances, as they can be clearly seen in the transmission coefficients illustrated in Fig. 6 at different gate bias conditions. The transmission coefficient contains one resonance (or quasi-bound state) at the onset of each subband's conductance. This resonance can be clearly seen in the density-of-states plot (Fig. 7 at zero gate voltage) along the middle of the wire for the first subband. The energy resolution of this plot is 0.1 meV. The impurity potential, as shown in Fig. 4 , introduces transmission channels, Fig. 7 . Density of states along the nanowire axis. The electrostatic potential along the channel is also plotted for comparison. This has been aligned to the first subband energy at the source. which increase the current in this device when compared with the impurity-free device (Fig. 8) . At high drain bias, backscattering of the carriers from the impurity potential reduces the slope of the I D -V G curve compared with the curve of the device with no impurity in the channel.
B. Discrete Dopants in Source and Drain
In this section, we study the effect of the discreteness of dopants in the S/D on the performance of the Si nanowire transistor. The channel length, the cross-sectional dimensions, and the oxide thickness of the simulated transistor are the same to the one used to study the single donor case.
The discrete dopants are located in a 4 nm extension of the S/D regions preserving the same average doping as in the previously homogeneously doped S/D regions. The total length of the wire simulated is (6 + 4 + 6 + 4 + 6) nm = 26 nm, where the five numbers represent the length of the different regions into which the device is subdivided. The 6 nm regions on the far left (source) and right (drain) represent regions of continuous doping, which guarantee smooth contact injection self-energies and charge neutrality on the contacts. The 4 nm regions are where the discrete dopants are located. The central 6 nm region is the gate or channel region.
We have studied three cases with different spatial dopant arrangements, given in Table I (together with schematic pictures shown roughly the dopant positions) and denoted Ra, Ch, and Cr for "randomly" arranged, channel-aligned, and cross-section-aligned donor placements, respectively. The Ch case has been chosen to enhance the injection of electrons in the channel. In the Cr case, the channel injection diminishes because electrons are naturally repelled from the interface by quantum confinement effects. The simulations are done at V D = 0.05 V. 3-D plots of the electrostatic potential, electron density, and the J y component of the current density for the Ra device are shown in Fig. 9 at V G = 0.4 V. The dopants are in a plane along the middle of the device with one of them very close to the SiO 2 interface. In spite of the attractive potential of this impurity, the electron concentration here is low due to strong confinement effects. At the location of the centered impurities, the electrostatic neutrality, combined with the maximum of the cross-section wave function, enhance the electron concentration at the middle as can be seen in Fig. 9(b) . The J y component of the current density is higher at the position of the impurities that are located in the center of the wire. This comes from an increase in electron concentration, not of carrier velocity. Fig. 10(a) shows the electron concentration and current density in a plane along the channel in the center of the cross section for the Ch configuration at V G = 0.4 V. The impurities closer to the channel are partially depleted by the gate potential. The J y current density component increases around the position of the impurities as if there were a funnel created by the impurity potential. By looking at Fig. 10(a) and using the naive formula for the current J = qnv, where n represents the electron concentration and v the velocity of the carriers, it can be concluded that the carriers in the S/D extension region are going slower in the center of the wire than close to the interface. Fig. 10(b) shows the calculated velocity along the middle of the channel, confirming our assertion. The velocity increases through the channel due to the lower electron concentration and the need to conserve the current through every cross section.
A comparison in the evolution of the electron concentration along the channel as a function of the gate voltage for the Ch case and for continuous doping configurations is shown in Fig. 11 . The electron concentration around the impurities close to the channel increases when the gate potential increases. At low gate voltage (V G = 0.0 V), the screening of the impurities close to the channel is poor because the gate potential keeps the electron away from the channel affecting also the carriers in the extension regions. At high gate voltage (V G = 0.4 V), the electron concentration in the channel and the screening of the impurities close to the channel increases. It is clear that in such gate bias condition the electron density around all impurities, which is mediated by quantum resonances, is similar. Fig. 12 shows the I-V characteristics for the smooth (continuous doping), Ra, Ch, and Cr devices. There is an average threshold voltage shift of approximately 20 mV due to the discrete dopants. The subthreshold slope is worse in the Ch case due to poor gate control of the charge which is concentrated, in this case, along the middle of the wire. The Ra case has almost identical subthreshold slope compared to the smooth case.
The effect of the discreteness of the impurities on the ONcurrent is more dramatic. Compared to the smooth device the ON-current falls by approximately 70% in the Cr case, and by approximately 27% in the Ch case. The detailed explanation of this behavior is based on an analysis of the corresponding transmission coefficient as a function of energy.
Figs. 13-15 show the transmission coefficients for the four devices considered in this study at three different gate voltages (V G = 0.0, 0.3, and 0.4 V respectively). The presence of resonances in the transmission coefficients is typical for devices with discrete donor dopants, since there are electrons partially reflected by the impurity potential, decreasing the total transmission. This partial reflection of the electrons can be considered as ''coherent scattering'' from the impurity potential. At low gate bias this effect is less noticeable due to the high gate barrier. The density of states along the channel at V G = 0.4 V is shown in Fig. 16 for the Ch case. The relevant energy interval is plotted with an energy resolution of 0.05 meV. The figure shows the quasi-bound states of the impurities. The electrostatic potential along the channel is also plotted. This has been aligned to the first subband energy at the source in order to compare the position of the quasi-bound states relative to the inverted sombrero shape of the potential. As mentioned previously, the behavior of the I-V characteristics can be understood by examining the transmission coefficients. At V G = 0.0 V, the current of the Ch device is similar to the smooth one. As illustrated in Fig. 13 the corresponding transmission in the smooth device is higher than in the Ch device for the energy intervals (0.5,0.55) and (0.6,1.0) eV, but in the interval (0.55,0.6) eV the transmission in the Ch device is higher than in the smooth one. The fast rise of the transmission of the Ch device counterbalances the early increase in the transmission of the smooth device producing almost similar current. The other two devices with discrete dopants do not have a dopant close to the channel in the source region affecting the gate barrier and producing early electron transmission. The backscattering increases with gate bias, yielding poor transmission except around the resonance energies. As a consequence, a strong decrease in the current for the devices with discrete dopants is observed, and therefore, at high gate biases, the difference between the currents of the smooth device and the other devices increases.
At V G = 0.3 V, as can be seen from Fig. 14 , the integrated transmission is quite similar for the Ch and Cr cases, and therefore, the current is almost the same. The transmission of the Ra configuration shows less backscattering, higher transmission, and therefore, produces a higher current compared to the other two discrete cases. From Fig. 15 , when the gate voltage reaches 0.4 V there is a large increase in the backscattering in the Ra case resulting in a decrease in the ON-current compared to the Ch case. The scattering increases also for the Cr case. These increases are due to the fact that with the lowering of the barrier, the impurities are more exposed. The alignment of the impurities in the channel for the Cr case presents a two-well barrier in which the resonant-resonant levels are more separate, as is shown in Fig. 15 . This produces a wide resonant peak resulting in a large current.
IV. CONCLUSION
In this paper, using a fully 3-D nonequilibrium Green's function simulator we have simulated the impact of random discrete dopants on the current in n-channel nanowire transistors. For the first time, we have highlighted the effect of 1-D screening in a very thin nanowire transistor and the corresponding resonances. The self-consistent double-peaked (sombrero) potential shape gives rise to resonant states, which connect the source and drain of the device through a mechanism similar to resonant tunneling, but including the added complexity of the transversal state subbands. The resonant states affect the current through the device. The positions of these resonances are very sensitive to the self-consistent shape of the potential, and therefore, adversely affect convergence of the coupled NEGF and Poisson solution. We have developed a solution strategy that circumvents the numerical difficulties.
Using this new stable self-consistent strategy we have studied the most complex and sensitive case of discrete donor dopants in the S/D of the nanowire transistor. The impact of the specific spatial discrete dopant configurations has been investigated in detail. The discreteness of dopants mildly affects the subthreshold slope and threshold voltage. However, we have observed a large decrease in the ON-current due to backscattering. The I-V curves of the different ''atomistic'' devices have been analyzed and related to the corresponding transmission coefficients. We have stressed the importance of the resonant states on the current flow and its random dopant-induced variations. Since 1992, he has been a Researcher in the Department of Electronics and Electrical Engineering, University of Glasgow, where he is engaged in the development of parallel 3-D simulators for semiconductor devices, and also involved in the developing the Glasgow 3-D ''atomistic'' device simulator, which is designed to investigate intrinsic parameter fluctuations in nanometer-scale MOSFETs due to discrete random doping, line edge roughness, oxide thickness variation, and gate-stack nonuniformity. He was also involved in the simulation of insulated gate bipolar transistors. His current research interests include highperformance parallel computing, device modeling, and visualization.
